imply that this model is a low-probability event. In addition to the low probability, two features produced by this model may be inconsistent with the observations. They are small number of low-inclination particles in the classical belt, and the production of a remnant population with near-circular and low-inclination orbit within a ≃ 50-52 AU. According to our present study, including one extra planet in the conventional Neptune migration model as the scenario we explored here may be unsuitable because of the low probability, and the two drawbacks mentioned above, although this model can explain better several features which is hard to produce by the conventional Neptune migration model. The issues of low-probability event and the lack of low-inclination KBOs in the classical belt are interesting and may be studied further under a more realistic consideration.
Introduction
Kuiper belt objects (or Edgeworth-Kuiper belt objects) are the relics of primordial planetesimal disk beyond the orbit of Neptune in our solar system. More than one thousand Kuiper belt objects (KBOs) have been observed. Dynamical models for the origin and orbital evolution of the KBOs have been proposed by many authors (For a short review of various dynamical models, see e.g. Lykawka and Mukai, 2008; Gomes, 2009) . One of the models is Neptune migration model (Malhora, 1995; Hahn and Malhotra, 2005) , which invokes four migrating Jovian planets in a swarm of primordial planetesimals to explain the present structure of the Kuiper belt. Hahn and Malhotra's (2005) model is the most updated one and their results can explain many important observed features of the KBOs. However, their model still have several weaknesses, which are (1) In accretion models (see e.g. Kenyon and Luu, 1999; Kenyon, 2002) , KBOs were formed in a cluster of small bodies with initially nearly circular and coplanar orbits (eccentricity e and inclination i 10 −3 ).
Hahn and Malhotra's model assumes an initially dynamically hot disk (the mean value of e and i ≃ 0.1). However, the stirring mechanism for these hot particles is unclear; (2) Few high-inclination KBOs were produced by their model. It cannot account for observations, especially for the KBOs at classical belt (the non-resonant KBOs with the semimajor axis a in the range of 37 a 50 AU and the perihelion q 37-40 AU) and at Neptune's 3:2 mean motion resonance (MMR); and (3) At the end of their simulation there are plentiful KBOs at Neptune's 2:1 MMR, which may be inconsistent with observations. The de-bias number ratio between Neptune's 3:2 and 2:1 resonant KBOs inferred from the observation by Lykawka and Mukai's study (Lykawka and Mukai, 2007a ) is 2.8, but that ratio in Hahn and Malhotra's simulation is about 0.4. The simulated ratio of the resonant KBOs can be influenced by several processes which were not included in their model, for example, the stochastic effect during planet migration (Zhou et al., 2002) , the different migration timescales for the artificial force that drives the migration of Jovian planets (Chiang and Jordan, 2002) , and the gas drag during resonance capture (Jiang and Yeh, 2004; de La Fuente Marcos and de La Fuente Marcos, 2008) .
To improve the migration model in respect of the afore mentioned three weaknesses, we employ one additional planet with 0.1 to 2.0 M ⊕ in the Neptune migration model. As in the Neptune migration model, we start with the four Jovian planets embedded in a swarm of dynamically cold particles, which represent the KBOs. At the beginning of planet migration this extra planet is located at the 3:2 MMR with pre-migrated Neptune, and then due to the resonance capture of Neptune the extra planet migrates outward together with Neptune. Theoretical predictions and observational implications for the existence of the planets with masses of about several tenths to several Earth mass in the early outer solar system have been studied in the literature (e.g., Stern, 1991; Fernández and Ip, 1996) . Moreover, the gravitational perturbation of the extra planet with mass of a few tenths to two Earth mass in the early trans-Neptunian space has already been studied in Petit et al. (1999) and Gladman and Chan (2006) for the situation without the planet migration. Petit et al. (1999) studied the perturbation of this planet-size object in the inner region of the Kuiper belt with semimajor axis a within 30-50 AU region, while Gladman and Chan (2006) explored that in the outer region of the Kuiper belt. Generally speaking, the existence of this massive object excites the primordial disk and produces high-inclination KBOs. Furthermore, in the conventional Neptune migration model, usually there are many particles trapped in Neptune's 2:1 MMR during migration.
By including one extra planet in the 3:2 MMR with Neptune during migration era, the capture rate of Neptune's 2:1 MMR may be reduced because of the close encounter of the 2:1 resonant KBOs with this extra planet, and because of the overlap between the 2:1 MMR of Neptune and the 4:3 MMR of this extra planet. With the aid of the extra planet, we explore the possibility to improve the afore mentioned weaknesses in the conventional model. In our model we assume that this extra planet leaves the Kuiper belt in a very short timescale near the end of Neptune migration, and we artificially remove it. Otherwise it will deplete most particles and destroy the belt's structure. Our integration continues to about 0.5 Gyr, when the distribution of all test particles is roughly stabilized.
Recently, Lykawka and Mukai (2008) also studied a putative planet in the Neptune migration model. Their extra planet with 0.3-0.7 M ⊕ was located at Neptunecrossing orbit and has a ≃ 60-80 AU before Neptune's migration. The extra planet was responsible for the excitation of the Kuiper belt and disk truncation at 48 AU before migration era. During or after the end of planet migration it was captured by one distant MMR with Neptune and inhabited in a stable orbit at a ≃ 100-175 AU with suitable e and i. In this paper, we investigate another possible but different scenario from theirs to explain the Kuiper belt's structure.
In the following, we use "conventional migration model" and "extra-planet model"
to represent the conventional Neptune migration model and our model, respectively.
We describe numerical procedures in Section 2. In Section 3 we examine the influence of resonances overlap between Neptune's and the extra planet's MMRs on the capture of resonant particles. In order to single out this effect, no migration is adopted. The main simulations of the extra-planet model are described in Section 4. We report the major results of the simulation in Section 5, in which comparisons between simulation results and observations are also presented. In the final part of Section 5, we explore the likelihood of the orbital evolution of the extra-planet invoked in the extra-planet model. The simulation results imply that this model is a low-probability event. We also discuss two issues in the model results, which are lack of low-inclination particles in the classical belt and the production of a remnant population with near-circular and low-inclination at near a ≃ 50-52 AU.
Conclusions are described in Section 6.
Numerical procedures
We used the hybrid symplectic algorithm in the Mercury 6, which is an Nbody integrator (Chambers, 1999) , to perform our simulations. In the numerical integrations, only gravitational force is involved. Other physical processes such as accretion or fragmentation are neglected. In Section 3 and 4, our solar system consists of the Sun, the four Jovian planets, one extra planet and thousands of test particles with negligible masses. The four Jovian planets and the extra planet 6 interact with one another but are not perturbed by the test particles. The motion of individual particle governed by the gravitational force of the four Jovian planets and the one extra planet but not by other test particles. The test particles are discarded when colliding with any massive objects or going beyond heliocentric distance of 1500 AU. In our main simulations described in Section 4, the four Jovian planets migrate smoothly under the influence of the artificial force which is the same as that used in Hahn and Malhotra's study (2005) . This artificial force represents the gravity of all test particles. This simplification is supported by a self-consistent simulation of Hahn and Malhotra (1999) . Initially the four Jovian planets are posited at a more compact orbits and then forced by artificial velocity kick ∆v in time step ∆t with the form ∆v = 1 2 ∆a a
which causes the planet's semimajor axis to vary as
where a is the semimajor axis of the planet, a f is the final semimajor axis of the planet, ∆a is the planet's radial displacement, τ is migration timescale. All simulations in Section 3 and 4, a time step of 0.5 year is used 1 , whose adequacy is discussed by Hahn and Malhotra (2005) .
Numerical examination for resonances overlap
In the extra-planet model the orbital configuration of Neptune, the extra planet and the Twotinos (the particles in the 2:1 MMR with Neptune) forms a three-body mean motion resonance, which satisfies the relation of n N −3n E +2n T ≃ 0, where n N , n E and n T are the mean motion of Neptune, the extra planet, and the Twotinos, respectively and n N : n E : n T = 6 : 4 : 3. The orbits of the three-body mean motion resonance are usually chaotic (Murray et al., 1998; Nesvorný and Morbidelli, 1998a; Nesvorný and Morbidelli, 1998b i following the Rayleigh distribution with mean value e = 0.1 and sini = e /2.
The argument of pericentre ω, the longitude of the ascending node Ω and the mean anomaly λ are randomly chosen between 0 and 360 . Three runs among them include one extra planet with mass 0.1, 0.5 or 1.0 M ⊕ at the beginning of the integration, and one run without one extra planet is for comparison. One body in Neptune's j + k : j MMR is defined as the body having librating resonant angle φ around some fixed value and with amplitude ∆φ; φ ≡ (j + k)λ − jλ N − k̟, where j, k are integer, λ and λ N are the mean longitude of the body and Neptune, respectively, and ̟ is the body's longitude of perihelion. Initially the extra planet is set at Neptune's 3:2 MMR (a = 39.5 AU) with zero e and i; ω, Ω and λ are chosen such that this planet has resonant amplitude ∆φ ≤ 110 , which provides a more stable state at Neptune's 3:2 MMR (Levison and Stern, 1995; Nesvorny and Roig, 2000) . The destruction of the structure of Neptune's 3:2 MMR due to the perturbation of the extra planet can be demonstrated by 3:2 resonant particles. It AU}, respectively. These values have been inferred and adopted in several papers (Malhotra, 1995; Hahn and Malhotra, 1999; Chiang and Jordan, 2002; Lykawka and Mukai, 2008) . All other orbital elements for the Jovian planets are the same with the present values (adopted from the JPL HORIZONS system). The migration timescale τ we adopted is 10 Myr (Hahn and Malhotra, 1999) . In addition to the 
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Results of the 495 Myr integration and truncated disk
Taking the run containing the particle-set a as an example, we removed the 1-M ⊕ extra planet at 33 Myr, which is roughly near the end of the migration era, and expect that the ratio of Neptune's 2:1 to 3:2 resonant particle numbers will be an edge with semimajor axis a between 45-50 AU (Trujillo and Brown, 2001a ). In the extra-planet model if we truncate the initial particle disk at 45 AU, the 2:1 resonant particle number becomes small naturally (Fig. 7) . During the migration epoch, the 2:1 MMR with Neptune shifted through the region of a ≃ 36 to 47 AU.
In the conventional migration model, many particles within the above region were of particles with latitude β near the ecliptic, which can mitigate above selection effect (Brown, 2001; Hahn and Malhotra, 2005) . We choose particles with β ≤ 3.0 and perihelion q ≤ 45.0 AU. 4 As previous understanding of the conventional migration model, it produces deficient high-inclination KBOs with inclination i 5 (the right panels of Fig. 8 ). In addition, the simulated particles with inclination i 5 are too many. This is mainly due to the initially dynamically cold particles. usually cannot perform by the conventional migration model (the top two panels of Fig. 9 ). These high-inclination Plutinos were generated due to the perturbation of extra planet and gives a more consistent e -i distributions with the observations.
In the bottom two panels of Fig. 9 , some parts of the simulated Plutinos of the extra-planet model possess ∆φ ≥ 130 that ought to be insufficient integration time in our simulation (Nesvorny and Roig, 2000) . Generally, the orbital properties of the Plutinos generated from the extra-planet model are agreeable to the observations.
As for the ratio of Neptune's 3:2 to 2:1 resonant particles, the average value of this ratio provided by the five runs of the extra-planet model is 2.0. The same quantity provided by the five runs of the conventional migration model is 0.44. Therefore, the ratio calculating from the extra-planet model is about five times larger than that of the conventional migration model, and is more consistent with the observations (∼ 2.8). Although in our simulations we assumed that migration process is artificially smooth, more realistic migration may not change this conclusion.
Another important ratio is the Plutino number to the number of the classical KBO. In the simulation end, we consider the particles having perihelion q ≥ 37 AU and a ≤ 50 AU as the classical KBOs, except those belong to the 3:2, 5:3, 7:4 and 2:1 MMRs. The average ratio of the Plutino to the classical KBO numbers is 1.5
for the five runs of the conventional migration model, while the same ratio for the extra-planet model is 0.098, which is closer to a de-bias observational ratio that is about 0.04 (Trujillo and Jewitt, 2001b MMR with Neptune, which is the major resonant population outside a = 50 AU.
These distant resonant populations can be captured more easily during the Neptune migration if they were dynamically hot before resonance capture (Chiang et al., 2003; Hahn and Malhotra, 2005; Lykawka and Mukai, 2007b) . In the extra-planet model, the perturbation of the extra planet supplies the excitation for particles in eccentricities and inclinations prior the resonance capture. particles' inclinations are within 20 -35 which is higher than the observations. One possible explanation is that the observations prefer low inclination objects as we mentioned previously. For circular orbit objects, the detection probability near the ecliptic is about three times higher for the objects with i = 10 than for the objects with i = 30 . One run of the conventional migration model also provided 5:2 resonant particles but their resonant amplitudes are all larger than 120 . None of the runs of the conventional migration model produced 5:2 resonant particle with small resonant amplitude, which has more stable orbit.
[ Figure 9 , Figure 10 Hence, the extra planet had insufficient time to influence the Kuiper belt. That the extra planet stay in the Kuiper belt more than several tens Myr would destroy the stability of Neptune's main mean motion resonance, for example, the 3:2, 5:3 and 2:1 MMRs. Therefore, we may not invoke the picture in Gladman and Chan (2006) to produce 2000 CR 105 -like or Sedna-like extended scattering KBOs in our model.
Other possible mechanisms may be responsible for the construction of the extended scattering KBOs, including stellar passage (Ida et al., 2000; Kenyon and Bromley, 2004) or a distant undiscovered planet (Lykawka and Mukai, 2008) .
Outer edge of Kuiper belt
In the extra-planet model we assume the primordial planetesimal disk with an outer edge near 45 AU in order to decrease Neptune's 2:1 resonant particles in our scenario. Another motivation is to have a more consistent a-e distribution of the KBOs between model results and observations. The observed a-e distribu-20 tion implies an edge at ≃ 45 AU. In the migration era of our model, the extra planet's semimajor axis and eccentricity increased simultaneously through migration. Although this extra planet always inhabited at the 3:2 MMR, some initially cold particles within 40 AU a 45 AU were still disturbed by high-eccentric migrating extra planet. This causes that some particles moved outward beyond a ≃ 45 AU during extra planet's migration. The extra planet had the final aphelion ≃ 48 AU at the migration end and cleaned most of particles with near circular orbits within 45 AU a 50 AU. Therefore, there is a group of nearly circular particles which still assemble within a ≃ 50-52 AU (see the right panels of Fig. 11 ). We will discuss whether this remnant creating by the extra-planet model could be observed in Section 5.3.4.
[ Figure 11 ] 5.3. Discussion
Assumption of truncation disk
In the extra-planet model, we assume the primordial disk having an edge at about 45 AU. Several processes may produce this edge prior to planet migration (see Gomes et al., 2004 and references therein), for example, a passing star or nearby stars photoevaporated.
Removal of extra planet
In our simulation the extra planet was discarded artificially. We postulate that it leaves the Kuiper belt within a short timescale less than several Myr and does not influence the KBOs anymore. We execute 500 runs to investigate the possibility of this event. In each run we merely consider the Sun, four Jovian planets, and ing massive particles renders the stochastic migration, which decreases the capture probability for the extra planet during the migration (Zhou et al., 2002; Chiang et al., 2007) . To explore these phenomena, we perform several runs using massive particles. We do six runs with 4000 equal-mass particles, which distribute with 10 AU ≤ a ≤ 45 AU, and small e and i as in Section 4.1. The surface mass density σ = 0.14(a/40 AU) −2 g cm −2 , which provides mass of ≃ 80 M ⊕ for initial disk. These particles interact with planets but not themselves. The initial orbits for the four Jovian planets are the same as those in Section 4.1, but no artificial force is adopted here. One extra planet with 1-M ⊕ mass having zero e, i and different a in each run is set at the 3:2 MMR with pre-migrated Neptune. In addition, we perform another same six runs but with 16000 equal-mass particles, which gives higher resolution.
The total integration time for each run is 82.5 Myr. In all twelve runs, none of the extra planets was trapped by Neptune's 3:2 MMR during the main migration epoch of t 20 Myr. Most of the extra planets were captured when they migrated near the end of disk. The left and middle panels of Fig. 12 show two typical examples for the runs containing 4000 and 16000 massive particles, respectively 6 . We think that the extra planet was hardly captured in the 3:2 MMR in the early epoch of the migration is because of large difference between the migration speed of the extra planet and that of the 3:2 MMR. Hence, the extra planet merely migrated across the 3:2 MMR. When the extra planet was near disk edge, both the migration speed of the 3:2 MMR and the extra planet are slow, and then the extra planet was captured more easily. Furthermore, we find that the capture occurring after 20 Myr becomes easier when each particle possesses smaller mass. We believe that this is due to the enhancement of capture ability as the Neptune migration is more smooth (Chiang et al., 2007) . In our higher resolution runs with the 16000 particles, each particle has mass of 5×10 −3 M ⊕ , which is still larger than reality by several orders (mass ≃ 10
M ⊕ for 100 km size object). Instead of increasing particle number, which requires huge computing time, we reduce the total mass of primordial disk to investigate a less noisy migration for planets. We perform same six runs as previous with 16000 particles for each run, but initial disk mass has only 15 M ⊕ . In all the six runs, at the beginning the extra planet was captured by Neptune's 3:2 MMR until about 10
Myr; after that, the extra planet left MMR and migrated outward to about 40 AU.
The right panels of Fig. 12 show one run with low-mass planetesimal disk. We think whether the extra planet can be captured or not depends on the smoothness of the Neptune migration, the dynamical friction on the extra planet, and the migration speed of the 3:2 MMR and that of the extra planet. Our simulations here merely imply that the capture of the extra planet by the 3:2 MMR during migration may be possible in a more realistic simulation. Concerning for the escape of the extra planet in the extra-planet model, the extra planet in the massive-disk simulation indeed has larger eccentricity during capture state, but the value of e still 0.1, which is hard for its scattering by the Jovian planets. It is unclear that in a more realistic case how large the eccentricity can reach during capture event.
In conclusion, more study is needed to better understand the interesting orbital evolution of the extra planet invoked in the extra-planet model in the future. In the present work, we just consider it as a low-probability event.
5 The extra planet was removed from the integration as its heliocentric distance is large than 1500 AU.
6 The main purpose of the massive particle runs is to explore the extra-planet's dynamics in a massive disk. In Fig. 12 , Neptune's final position does not locate near 30 AU. Parking Neptune at suitable position depends on the initial orbital configuration of the four Jovian planets and the behavior of primordial disk. We think our main conclusions in the difference between the convention migration and the extra-planet model results would be retained under reasonable initial planets' accretion theory, only ∼ 2-5% of these particles/planetesimals have size ∼ 100 km, while the major disk mass was occupied by the particles/planetesimals having size with ∼ 0.1-10 km, which will then collide to dust grains and are removed from the Kuiper belt in Gyr timescale (Kenyon et al., 2008) . In this period these 100 km size objects suffer dynamical friction from small bodies. The cooling timescale of the dynamical friction for the big bodies is
where i and a are inclination and semimajor axis of big body, respectively; σ = 0.14(a/40 AU) −2 g cm −2 is the surface mass density of initial disk; M is the mass of big body, which is ≃ 10 −6 M ⊕ for the body of 100-km size; f is the ratio of remaining disk as we remove the extra planet; G is the gravitational constant. This cooling timescale of 5 × 10 4 Gyr is much larger than 4.5 Gyr, the age of our solar system. Therefore, the influence of the dynamical friction may not compensate for the shortage of the low-inclination particles. Whether physical collision between the bodies of 100-km size and numerous bodies of smaller size with total mass of about tens Earth mass alleviates the deficiency of the low-inclination part may be addressed in the future works.
orbits and particle disk. The N r provided by this estimate is 86, which is inconsistent with the observations, where we do not observe any KBO near a ≃ 50-52 AU with near-circular and lowinclination orbit so far. In conclusion, based on the assumption of equal size objects and Eq. (4), the remnant population predicted by the extra-planet model seems to contradict the present observations.
Conclusions
We 
26
In summary, according to our present study, including one extra planet in the conventional Neptune migration model as the scenario we explored here may be unsuitable because of the low probability, and the two drawbacks mentioned above, although this model can explain better several features which are hard to produce by the conventional Neptune migration model. The issues of the low probability and lack of low-inclination classical KBOs are interesting and will be investigated further under a more realistic consideration. 
